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SUMMARY 
C o b a l t  l e v e l s  were s y s t e m a t i c a l l y  v a r i e d  i n  t h e  Ni-base t u r b i n e  a l l o y s  
U-100 ( c a s t ) ,  U--700 ( P M / H I P ) ,  Waspaloy, Mar-M-247, IN-738, Nimonic-115, U-720, 
and SX-R-150. The c o b a l t  l e v e l s  ranged f rom 0 w t  % t o  t h e  nominal 
commercial c o n t e n t  i n  each a l l o y .  The a l l o y s  were t e s t e d  i n  c y c l i c  ox ida -  
t i o n  i n  s t a t i c  a i r  a t  1000, 1100 and 1150 "C f o r  500, 200 and 100 hr respec- 
t i v e l y .  
change versus t i m e  d a t a  was used t o  e v a l u a t e  t h e  o x i d a t i o n  behav io r  o f  t h e  
a l l o y s  a l o n g  w i t h  x - ray  d i f f r a c t i o n  a n a l y s i s  o f  t h e  s u r f a c e  ox ides .  I h e  
a l l o y s  tend  t o  f o r m  e i t h e r  Cr203/chromite s p i n e l  o r  Al2Og/aluminate s p i n e l  
h i g h e r  tend  t o  f a v o r  t h e  C r  ox ides w h i l e  those  under 3.0 f o r m  mos te l y  A1 
ox ides .  I n  genera l  t h e  A1203/aluminate s p i n e l  f o rm ing  a l l o y s  have t h e  b e t t e r  
o x i d a t i o n  r e s i s t a n c e .  Increased c o b a l t  c o n t e n t  lowers t h e  s c a l i n g  r e s i s t a n c e  
o f  t he  h i g h  C r  a l l o y s  w h i l e  a 5.0 ut % Co c o n t e n t  i s  optimum f o r  t h e  A1 con- 
t r o l l i n g  a l l o y s .  The r e f r a c t o r y  meta ls  p a r t i c u l a r l y  Ta appear b e n e f i c i a l  t o  
b o t h  t ypes  o f  ox ides perhaps due t o  t h e  f o r m a t i o n  o f  t h e  omnl-present t r i -  
r u t i l e  Ni(Ta,Cb,Mo,W)206. Both scales break down as i n c r e a s i n g  amounts of 
N i O  i s  formed. 
An o x i d a t i o n  a t t a c k  parameter, Ka d e r i v e d  f r o m  t h e  s p e c i f i c  we igh t  
CU In
m CU
I depending on t h e  Cr/A1 r a t i o  i n  t h e  a l l o y s .  A l l o y s  w i t h  a r a t i o  o f  3.5 o r  
w 
I N T R O U U C  1 LON 
NASA Lewis Research Center undertook a l o n g  range program i n  suppor t  o f  
t h e  aerospace i n d u s t r y  aimed a t  reduc ing  t h e  need f o r  c r i t i c a l  me ta l s  used i n  
gas t u r b i n e  engines. The program was termed "COSAM" -- Conservat ion of  
S t r a t e g i c  M a t e r i a l s .  One o f  t h e  m a j o r  o b j e c t i v e s  was t o  understand and pos- 
s i b l y  m ln im lze  t h e  use o f  a c r i t i c a l  e lement such as c o b a l t  i n  h i g h  s t r e n g t h  
n i c k e l - b a s e  s u p e r a l l o y s  ( r e f s .  1 and 2 ) .  T h i s  s tudy focuses on t h e  r o l e  o f  
c o b a l t  on h i g h  temperatures c y c l i c  o x i d a t i o n  on some t y p i c a l  a l l o y s  o f  
i n t e r e s t .  
Seven h i g h  temperature n i c k e l - b a s e  s u p e r a l l o y s  were s t u d i e d  i n  h i g h  
temperature c y c l i c  o x i d a t i o n .  The a l l o y s  i n c l u d e :  U-700 c a s t  and powder 
m e t a l l u r g y  (P/M) h ipped samples; hot  worked Waspaloy; c a s t  MAR M-247; h o t  
worked IN-738; h o t  worked Nimonic-115; h o t  worked U-720;  and c a s t  s i n g l e  
c r y s t a l  ( S X )  R--150. l h e  a l l o y s  were v a r i e d  i n  t h e i r  c o b a l t  l e v e l s  f r o m  0 t o  
t h e i r  normal commercial l e v e l s .  I h e  c h e m i s t r i e s  f o r  each a l l o y  a r e  shown i n  
t a b l e  I ( r e f .  1 ) .  These supera l l oys  rep resen t  a range o f  h i g h - t e m p e r a t u r e ,  
h i g h  s t r e n g t h  Ni-base t u r b i n e  a l l o y s  w i t h  a range o f  Cr t o  A1 r a t i o s  f r o m  1 5 : l  
f o r  Waspaloy and near 7 : l  f o r  U-720, which can be h o t  worked, t o  a l l o y s  w i t h  
Cr/A1 r a t i o s  near 1,  which must be c a s t .  
PROCEDURE 
The supp l i ed  t e s t  a l l o y s  were machined i n t o  o x i d a t i o n  t e s t  coupons each 
1 by 2 by 0.23 cm w i t h  a 0.3 cm d iameter  hanger h o l e .  
c l e a n i n g  and weighing were a u t o m a t i c a l l y  c y c l e d  i n  s t a t i c  a i r  furnaces as 
d e s c r i b e d  i n  re fe rence  3. I n  t h i s  s tudy t h e  samples were t e s t e d  f o r  1 h r  
c y c l e s  c o n s i s t i n g  o f  1 hr a t  e i t h e r  1000, 1100, o r  1150 "C i n  t h e  fu rnace  and 
a minimum o f  20 min above t h e  fu rnace  a t  a temperature o f  near 65 " C .  The 
samples were removed p e r i o d i c a l l y  f o r  weighing.  
The samples a f t e r  
The t e s t  t imes were 100, 200, and 500 h r  a t  1150, 1100 and 1000 " C  
r e s p e c t i v e l y .  
va lues t o  eva lua te  t h e  s e v e r i t y  o f  t h e  o x i d a t i o n  a t t a c k .  
These d a t a  a r e  used t o  generated s p e c i f i c  we igh t  change/t ime 
I n  a d d i t i o n  t o  t h e  we igh t  change data,  each sample and I t s  c o l l e c t e d  
spa11 were removed and analyzed by x- ray d i f f r a c t i o n  a f t e r  1,100, and when 
a p p l i c a b l e  200 and 500 h r .  
RESULTS AND DISCUSSION 
ANALYSIS OF S P € C I F I C  W E I G H T  CHANGE D A T A  
The o x i d a t i o n  behav io r  f o r  each t e s t  sample can be determined f r o m  t h e  
s p e c i f i c  weight  change versus t i m e  da ta  e i t h e r  by comparing t h e  s p e c i f i c  
we igh t  change a t  a g i v e n  t i m e  o r ,  more a c c u r a t e l y  by d e r i v i n g  an a t t a c k  
parameter,  d e f i n e d  as 
o x i d a t i o n  r e s i s t a n c e .  The we igh t  change/t ime d a t a  i s  f i t t e d  by m u l t i p l e  
l l n e a r  r e g r e s s i o n  t o :  
Ka, f rom t h e  f i t t e d  d a t a  which d e f i n e s  t h e  o v e r a l l  
1 / 2 $  /2  hW/A = kl - 
where kl 1 /2  represents  an o x i d e  growth cons tan t  and k 2  an o x i d e  s p a l l i n g  
c o n s t a n t .  S k t  i s  t he  s tandard e r r o r  o f  e s t i m a t e .  A r e j e c t i o n  l e v e l  o f  0.90 
i s  chosen f o r  s i g n i f i c a n c e .  Th is  lead t o  an a t t a c k  parameter d e f i n e d  as:  
Ka = (k:/' + 10. k 2 )  
i n  c e r t a i n  cases a more a p p r o p r i a t e  e s t i m a t i n g  e q u a t i o n  i s  a s imp le  l i n e a r  f i t :  
which m o d i f i e s  the a t t a c k  parameter t o :  
These equat ions,  examples, and t h e i r  r a t i o n a l e  have been d iscussed 
p r e v i o u s l y  i n  re ferences 4 t o  9 .  
I n  genera l  t h e  o x i d a t i o n  r e s i s t a n c e  can be r a t e d  as f o l l o w s :  
Ka < 0.20 e x c e l l e n t  
0 .20 t o  0.50 e x c e l l e n t  t o  good 
0.50 t o  1.00 good t o  f a i r  
1.00 t o  5.00 f a i r  t o  poor 
5.00 t o  10.00 poor t o  c a t a s t r o p h i c  
> l o .  00 ca t a s  t roph i c 
Where " e x c e l l e n t "  means a low scale growth r a t e  w i t h  min imal  s p a l l  a t  one 
extreme w h i l e  " c a t a s t r o p h i c "  means the sample i s  a lmost  t o t a l l y  o x i d i z e d  
and u s u a l l y  conve r ted  t o  massive s p a l l .  
Se lec ted  s p e c l f i c  we igh t  change versus t i m e  curves f o r  t h e  v a r i o u s  a l l o y s  
a r e  shown i n  f i g u r e s  1 t o  3. The i n d i v i d u a l  da ta  s e t s  were f i t t e d  f i r s t  t o  
e q u a t i o n  ( 1 )  by a m u l t i p l e  l i n e a r  reg ress ion .  I f  t h e  s i g n i f i c a n c e  l e v e l  o f  
d i d  n o t  exceed 0.90 i t  was dropped and t h e  r e g r e s s i o n  e i t h e r  kl 
e q u a t i o n  r e c a l c u l a t e d .  O f  t h e  127 runs f o r  a l l  a l l o y s  a t  t h e  3 t e s t  tempera-. 
t u r e s  99 g i v e  a good f i t  t o  ( r e f .  1 )  w i t h  t h e  r e j e c t i o n  l e v e l  o f  0.90. Four-  
t een  runs  had t h e  f i r s t  t e rm d rop  out as n o t  s i g n i f i c a n t  t o  t h e  0.90 l e v e l  so 
( r e f s .  3 and 4 )  a r e  used t o  e s t i m a t e  K . Twelve o f  t h e  127 runs were fo rced  
when k, 'I2 i s  n e g a t i v e  t o  a s imp le  l i n e a r  f i t  so a g a i n  ( r e f s .  3 and 4 )  
a r e  used r a t h e r  than  ( r e f s .  1 and 2) t o  e s t i m a t e  Ka. Examples o f  these 3 
t ypes  o f  f i t  a r e  shown i n  t a b l e  11. F i n a l l y  2 o f  t h e  127 runs were r e j e c t e d  
o u t r i g h t  as o u t l i e r s .  Table 11 summarizes t h i s  " f i t "  d a t a  f o r  t h e  8 s e t s  of 
a l l o y s  a t  each o f  t h e  3 t e s t  temperatures.  
o r  k 2  
1 /2 
a 
Tables 1 1 1 ,  I V ,  and V summarizes t h e  s p e c i f i c  we igh t  change d a t a  and t h e  
d e r i v e d  cons tan ts  f rom equat ions ( 1 )  t o  ( 4 ) .  A d d i t i o n a l  d a t a  o f  a s t a t i s t i -  
c a l  n a t u r e  a r e  t a b l e d  i n  t h e  appendix s e p a r a t e l y  f o r  each o f  t h e  t h r e e  t e s t  
1 /2 
temperatures.  In a d d i t i o n  t o  t h e  kl , k2, and Ka d e r i v e d  parameters,  
s p e c i f i c  w e i g h t  changes a t  100 h r  and, where a v a i l a b l e ,  200 and 500 h r  a r e  
a l s o  l i s t e d  t o  i n d i c a t e  sample behav io r .  
The Ka va lues d e r i v e d  f o r  each s e t  o f  a l l o y s  a t  each temperature a r e  
shown on l o g  s c a l e  ba r  graphs i n  f i g u r e s  4 t o  6.  The ba rs  a r e  grouped f rom 
low  t o  h i g h  c o b a l t  va lues f r o m  l e f t  t o  r i g h t  on t h e  p l o t s .  For  each a l l o y  
s e r i e s  any r e p l i c a t e s  f o r  a g i v e n  a l l o y  a r e  a l s o  shown. The K a  rank ings  
r a n g i n g  f r o m  e x c e l l e n t  t o  c a t a s t r o p h i c  a r e  shown as h o r i z o n t a l  l i n e s .  
t a b l e s  V I  t o  V I I I .  There i s  a massive amount o f  da ta  t o  be condensed because 
o f  t h e  number of ox ides  found on these complex a l l o y s .  I n  genera l  t h e  a l l o y s  
tend t o  be e i t h e r  Cr203/chromi te s p i n e l  f o r m e r s  o r  A l203/a luminate 
s p i n e l  formers.  
t r i - r u t i l e  o x i d e  w i t h  a d - l a t t i c e  spacing on t h e  (110) p l a n e  <3.30 A .  ] h i s  i s  
u s u a l l y  Ni(Ta,Cb,Mo,W)206 a l s o  termed t a p i o l i t e  ( r e f .  1 0 ) .  A l s o  found 
th roughou t  t h e  analyses was C r  t i t a n a t e  Cr21113029, N i  t i t a n a t e - ( N i , C o , F e )  
TiO3, and N i  Tungstate-Ni(W,Mo)Oq and f i n a l l y  t h e  a l l o y s  f a i l  as massive 
N i O  i s  d e t e c t e d .  O c c a s i o n a l l y  a t r i - r u t i l e  s t r u c t u r e  w i t h  a d - v a l u e  >3.30 
1s d e t e c t e d .  
I s  a l s o  d e t e c t e d  i n  c e r t a i n  cases. 
The x- ray d i f f r a c t i o n  r e s u l t s  f rom t e s t  sample su r faces  a r e  summarized i n  
Almost always present  w i t h  e i t h e r  t ype  i s  a t e t r a g o n a l  
An a l l o y  l i k e  MAR-M-247  w i t h  1.5 H f  w i l l  i n d i c a t e  Hf02.Zr-02 
3 
A t  1000 "C t h e  A1203/aluminate s p i n e l  f o rm ing  MAR-M-247, Nimonic-115, 
SX-H-150 have the b e s t  c y c l i c  o x i d a t i o n  r e s i s t a n c e .  There i s  no obv ious Co 
e f f e c t  a l t h o u g h  t h e r e  a r e  minimums a t  5 Co f o r  MAR-M-247, a t  10 Co f o r  
Nimonlc-115, and a t  6 Co f o r  SX-R-150-all l e s s  t h a n  t h e i r  commerlcal c o b a l t  
l e v e l s .  U-700 ( c a s t  and P/M h ipped) ,  Waspaloy, IN-738 and U-720 a l l  a r e  
Cr203/chromi te s p i n e l  c o n t r o l l e d  a t  1000 O C .  T h e i r  o x f d a t i o n  r a t e s  a r e  con- 
s i d e r a b l y  h i g h e r  than  t h e  alumina formers b u t  t h e r e  i s  no obv ious Co e f f e c t .  
Ka 
A t  1100 " C  MAR-M-247 and Nimonic-115 a l l o y s  behave s i m i l a r l y  t o  t h e  
1000 " C  t e s t  a l l o y  except  t h e  
N i O  f o r m a t i o n  takes p l a c e  a t  s h o r t e r  t imes .  The o x i d a t i o n  r e s i s t a n c e  i s  s t i l l  
g e n e r a l l y  good and a g a i n  5 Co i s  an apparent  o x i d a t i o n  minimum f o r  MAR-M-247 
w h i l e  t h e  minimum f o r  Nimonic-115 i s  a l s o  a t  5 Co. SX-R-150 w h i l e  
s t i l l  an apparent A1203/aluminate s p i n e l  former o x i d i z e s  mass ive l y  t o  "IO 
and N i W O 4 .  
s t r i c t l y  on composi t ion.  The remain ing a l l o y s  a r e  b a s i c a l l y  chromia/chromi te 
s p i n e l  formers a t  1100 " C  a l t h o u g h  a lumnia and/or a luminates s t a r t  t o  show up 
w i t h  l onger  t i m e s  i n  b o t h  t h e  U-700 s e r i e s  a l l o y s .  The o x i d a t i o n  r e s i s t a n c e  
of  t h e  U-700, Waspaloy, IN-738, and U-720 g e n e r a l l y  f a l l  i n t o  t h e  poor 
ca tegory .  The r e s i s t a n c e  i s  u s u a l l y  worse a t  t h e  h i g h e s t  c o b a l t  l e v e l s .  N i O  
shows up a t  100 h r  on t h e  U-700, IN-738, and U-720 s e r i e s  samples w h i l e  
Cr2O3 s t i l l  c o n t r o l s  a t  100 h r  f o r  t h e  Waspaloy. 
i s  q u i t e  s t r o n g  f o r  t h e  Waspaloy w h i l e  t h e  o t h e r  3 chromia formers show 
m o s t l y  N i O  p resen t .  T h i s  appears t o  be due t o  t h e  h i g h  (19 .5 )  C r  l e v e l  i n  
Waspaloy a l though  U-720 w i t h  an 18 Cr l e v e l  m i g h t  be expected t o  behave i n  
a s i m i l a r  manner. 
Ka va lues a r e  somewhat h i g h e r  and c r i t i c a l  
Th i s  apparent  anomolous behav io r  i s  d i f f i c u l t  t o  e x p l a i n  based 
Even a t  200 h r  Cr2O3 s t i l l  
A t  1150 " C  MAR-M-247 and Nimonic-115 s e r i e s  s t i l l  show f a i r  c y c l i c  
o x i d a t i o n  r e s i s t a n c e  and a r e  mos t l y  A1203/aluminate s p i n e l  formers.  
MAK-M-247 s t a r t s  out as a complex Ni0/<3.30 tri-rutile/NiWOq/Cr203/Hf02 
f o rmer .  A t  100 h r  a lum lna te  spinel /A1203 shows up as w e l l .  The Nlmonic-115 
s e r i e s  i n d i c a t e s  m o s t l y  Cr203/chromite s p i n e l / N i T i 0 3  a f t e r  1 h r  f o r  t h e  5, 
10, and 15 c o b a l t  l e v e l s .  The 0 Co i n d i c a t e s  o n l y  A1203 a f t e r  1 h r  b u t  
ch romi te  s p i n e l  a l o n g  w i t h  N i O ,  A1203 and a lum ina te  s p i n e l .  A t  t h e  5, 10, 
and 3 5  Co l e v e l s  o n l y  Al2O3, a lum ina te  s p i n e l  and c3.30 t r i - r u t i l e  a r e  
observed. For bo th  a l l o y  s y s t e m s  t h e  minimum i n  Ka va lues a r e  a t  t h e  5 Co 
l e v e l .  
U-700 ( c a s t  and P/M) ,  Waspaloy, IN-738, and U--720 a l l  a r e  s t r o n g  Cr2O3 
formers a f t e r  1 h r  a long  w i t h  ~ 3 . 3 0  t r i - r u t i l e  and i n  some cases Cr2Ti1302g 
and c h r o m i t e  s p i n e l s .  A t  100 h r  U-700 becomes a s t r o n g  NiO/chromi te s p i n e l  
former b u t  w i t h  some A1203/aluminate s p i n e l  showing up as w e l l  a l o n g  w i t h  
N iWO4 a t  t h e  h ighe r  c o b a l t  l e v e l s .  
any A1203/aluminate s p i n e l  be ing  de tec ted .  
a l o n g  w i t h  Cr203/chromite s p i n e l ,  and t o  a l e s s e r  e x t e n t  N i l l o 3  and <3.30 
t r i - r u t i l e .  U-720 i s  s i m i l a r  t o  IN-738 except  NiW04 shows up as w e l l  b u t  as 
a minor  phase. I n  genera l  even f o r  t h e  100 h r  t e s t  t h e  Ka va lue  i n d i c a t e s  
poor t o  c a t a s t r o p h i c  o x i d a t i o n  r e s i s t a n c e  w i t h  t h e  poores t  r e s i s t a n c e  a t  t h e  
h i g h e s t  c o b a l t  va lue.  The SX-R-150 a l l o y  s e r i e s  i s  i n  t h e  h i g h  c a t a s t r o p h i c  
range even though t h e  a l l o y s  a r e  i n i t i a l l y  A1203/a luminate s p i n e l  formers 
b u t  r a p i d l y  forms massive N i 0  as they d i d  a t  1100 O C .  
Waspaloy i s  somewhat s i m i l a r  b u t  w i t h o u t  
For IN-738 N10 becomes dominant 
4 
I n  genera l  t h e  c y c l i c  o x i d a t i o n  behavior  tends t o  f a l l  i n t o  two ca te -  
g o r i e s .  Three o f  t h e  a l l o y  s e t s :  SX-R-150, Nimonic-115, and MAR-M-247 w i t h  
Cr t o  A1 r a t i o s  o f  0.91, 2.98, and 1.49 tend t o  f o r m  A1203/aluminate s p i n e l s  
as t h e  c o n t r o l l i n g  o x i d e .  Waspaloy, U-720, and IN-738 w i t h  C r : A l  o f  15.0, 
7.20, and 4.71 tend t o  f o r m  Cr203/chromite s p i n e l s  as t h e  c o n t r o l l i n g  sca le .  
Wh i le  U-700, w i t h  a C r  t o  A 1  r a t i o  o f  3.49, seems t o  be c l o s e  t o  t h e  border- .  
l i n e  as f a r  as o x i d e  c o n t r o l  i s  concerned b u t  u s u a l l y  forms Cr203/chromi te 
s p i n e l .  These t rends  tend t o  be v e r i f i e d  by b o t h  t h e  d e r i v e d  Ka va lues 
and t h e  x - ray  d i f f r a c t i o n  r e s u l t s .  
l h e s e  tendenc ies  a r e  shown schemat i ca l l y  i n  f i g u r e  7 .  With i n c r e a s i n g  
t i m e  t h e  tendency o f  t h e  sca les  i s  t o  break down t o  N i O .  Th i s  appears t o  t a k e  
longer  f o r  t h e  A l203/a luminate  formers.  
t i m e  f o r  breakdown t o  N i O  decreases. Th is  tendency f o r  N i O  f o r m a t i o n  i s  
negated s l i g h t l y  by t h e  i nc reased  i n c l i n a t i o n  f o r  A1203 f o r m a t i o n  v i s  a v i s  
Cr2O3 f o r m a t i o n  w i t h  tempera ture  ( r e f .  11). With i n c r e a s i n g  temperature Co 
seems t o  a c c e l e r a t e  N i O  f o r m a t i o n  when Cr203/chromi te sca les  c o n t r o l .  For  
A1203/aluminate c o n t r o l  Co seems t o  g i v e  c o n s i s t e n t  minimums i n  Ka va lues  
near  5.0 pe rcen t  f o r  a l l  t h r e e  t e s t  temperatures.  Th is  s tudy  a l s o  seems t o  
r e i n f o r c e  p r e v i o u s  s t u d i e s  conducted a t  t h i s  l a b o r a t o r y  t h a t  t h e  r e f r a c t o r y  
me ta l s  (Cb,Mo,W and p a r t i c u l a r l y  Ta) a r e  b e n e f i c i a l  a t  c e r t a i n  optimum con- 
c e n t r a t i o n s .  l h i s  may be due t o  t h e  f o r m a t i o n  o f  t h e  t r i - r u t i l e  s t r u c t u r e  
which appears t o  s t a b i l i z e  p a r t i c u l a r l y  t h e  A1203/a luminate s p i n e l  ox ides 
( r e f s .  6, 9, and 10 ) .  
W i th  i nc reased  tempera ture  t h e  
CONCLUSIONS 
( 1 )  The c y c l i c  o x i d a t i o n  behavior  o f  s e l e c t e d  N i -base y / y '  s u p e r a l l o y s  
depends p r i m a r i l y  on t h e i r  C r  and A1 con ten ts  p a r t i c u l a r l y  on t h e  C r / A 1  
r a t i o s .  
( 2 )  I f  t h e  r a t i o s  a r e  g r e a t e r  than 3 .5 ,  as t y p i f i e d  by U-720, Waspaloy 
and IN-738, t h e  a l l o y s  tend t o  fo rm the  p r o t e c t i v e  Cr203/chromi te s p i n e l  
w h i l e  a l l o y s  w i t h  r a t i o s  of ~ 3 . 0 ;  l i k e  Mar-M-247 and Nimonic-115, tend t o  
fo rm p r o t e c t i v e  A l203/a luminate  s p i n e l .  U-700 w i t h  a r a t i o  between t h e  two 
can f o r m  e i t h e r  t ype .  
( 3 )  The o x i d a t i o n  a t t a c k  parameter Ka d e r i v e d  f rom t h e  s p e c i f i c  
we igh t  change/t ime da ta  i n d i c a t e s  the A1203/aluminate s p i n e l  i s  more p r o t e c -  
t i v e  and longer  l a s t i n g  than t h e  Cr203/chromite s p i n e l .  
( 4 )  These sca les  tend t o  breakdown as inc reased amounts o f  N i O  a r e  
formed . 
( 5 )  I n  these a l l o y s  t r i - r u t i l e  Ni(Ta,Cb,W,Mo)206 was assoc ia ted  w i t h  
f o r m a t i o n  o f  b o t h  p r o t e c t i v e  ox ides .  
g e r  t h e  d e l e t e r i o u s  N iO. la  appears p a r t i c u l a r l y  b e n e f i c i a l .  
When p resen t ,  Ni(W,Mo)04 seemed t o  t r i g -  
( 6 )  I n c r e a s i n g  Co l e v e l s  a r e  assoc ia ted  w i t h  h i g h e r  Ka va lues  and 
inc reased  N10 f o r m a t i o n  i n  t h e  h i g h  Cr/A1 a l l o y s .  
minimum i n  K a  
I n  t h e  l ow  Cr/A1 a l l o y s  a 
va lues  occurs near  5 Co a t  t h e  t h r e e  t e s t  tempera tures .  
5 
REFERENCES 
1. J.R. Stephens and R.L. D r e s h f i e l d :  M a t e r i a l s  S u b s t i t u t i o n  and Recyc l -  m, AGARD-CP-356, pp. 6-1 t o  6-15, AGARD, N e u i l l y - S u r - - S e i n e ,  France, 
1984. 
2.  J.R. Stephens, R.L. D r e s h f i e l d ,  and N.W. N a t h a l :  NASA TM-83528, 1984. 
3. C . A .  B a r r e t t  and C . E .  L o w e l l :  NASA TN 0-8255, 1976. 
4 .  C . A .  B a r r e t t  and C.E. L o w e l l :  Oxid.  Met., 1978, v o l .  12, pp. 293-311. 
5 .  C . A  B a r r e t t ,  A.S. Khan and C . E .  L o w e l l :  J .  Elec t rochem.  SOC., 1981, 
V O ~  . 128, pp. 25-32. 
6 .  C . A .  B a r r e t t ,  R . V .  M ine r  and D.R .  H u l l :  Ox id .  Met., 1983, v o l .  20, 
pp .  255-278. 
7 .  J.R. Stephens and C.A. B a r r e t t :  NASA TM-83609, 1984. 
8 .  C . E .  Lowe l l ,  J .L .  Smia lek  and C . A .  B a r r e t t :  H igh Temperature Cor- 
-- r o s i o n  9 NACE-6, R . A .  Rapp, ed., pp.  219-226, N a t i o n a l  A s s o c i a t i o n  o f  
C o r r o s i o n  Eng ineers ,  Houston, 1983. 
9 .  C . A .  B a r r e t t :  H igh  Temperature C o r r o s i o n  i n  Enerqy Systems, M.F .  
Rothman, ed . ,  pp. 667-680, A I M E ,  New York, 1985. 
10 .  C . A .  B a r r e t t ,  G . J .  San to ro  and C.E .  L o w e l l :  NASA TN D-7484, 1973. 
11 .  C . A .  B a r r e t t  and C.E .  L o w e l l :  Ox id .  Met.,  1975, v o l .  9, pp.  307-355. 
6 
TABLE I .  - NOMINAL COMPOSITIONS AND VARIATIONS I N  COBALT LEVELS I N  NICKEL-BASE 
SUPERALLOYS SELECTED FOR THE COSAM PROGRAM 





















4.3 I 3.5 
1000 'c 1100 'c 
Para l in -  L inear  Force- l in.  Paral in-  L inear  Force- l in.  
ear e a r  
U-700 c a s t  6 0 0 7 1 1 
U-700 P / M  6 2 3 1 
Waspaloy 9 7a 0 0 
MAR-M-247 6 4 0 3 
I N-738 3 3 0 0 
Nimon i c-115 5 1 2 1 
U-720 4 3 0 0 
SX-R-150 3 2 0 1 
T o t a l s  41  0 0 29 6 7 
1.3 I 3.0 
5.5 I 1.0 
1150 'C 
Para l in -  L inear  Force- l in.  
ear 
6 2 0 
3 2 0 
8 1 0 
4 1 2 
3 0 0 
1 0 3 
3 0 0 
1 2 0 




. O l O  
.017 
.031 













VARIATIONS I N  COBALT LEVELS 
U-700-cast 







0.1, 4.3, 8.6,  12.8, 17.0 
0, 4.3, 8.6, 12.8, 17.0 
0, 4.5, 9.0, 13.5 
0.1, 5.0, 9.8 
0, 4.0, 8.0 
0, 5.0, 10.0, 15.0 
0, 7.5, 14.7 
0, 6.0, 12.0 
TABLE 111. - SUMMARY OF CYCLIC OXIDATION SPECIFIC WEIGHT CHANGE DATA 
INCLUDING DERIVED RATE AND ATTACK PARAMETERS AT 1000 O r  L 
S p e c i f i c  we igh t  change, 
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1 2  
aSpecia l  p a r a l i n e a r  case (i.e., p a r a b o l i c ) .  
TABLE I V .  - SUMMARY OF CYCLIC OXIDATION S P E C I F I C  WEIGHT CHANGE DATA 
INCLUDING D E R I V E D  RATE AND ATTACK PARAMETERS AT 1100 " C  
k11'2 A1 1 oy Percent  
co 
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-11.69 
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aValue a t  160 Hr - tes t  t e rm ina ted  
TABLE V .  - SUMMARY OF CYCLIC OXIDATION SPECIFIC WEIGHT CHANGE DATA 
INCLUDING D E R I V E D  RATE AND ATTACK PARAMETERS AT 1150 " c  









Specific w e i g h t  change, 










































































































































































TABLE V I .  - SUMMARY OF X-RAY DIFFRACTION RESULTS OF SELECT Ni-BASE SUPERALLOYS 
AT 1000 'C FOR SURFACE O X I D E  PHASES AFTER V A R I O U S  EXPOSURE TIMES I N  CYCLIC 
OXIDATION. PHASE LISTED I N  DECREASING ORDER OF INTENSITY 
Percent  7100 h r  200 h r  500 h r  A1 l o y  s e t  










MAR-M-247 2,1,7 3 I a2,4,7,6 
2,7,3,1 I a2 ,4,7,1 
2,7,3,1,4 
2.4.3 I a2,l. 7.3 2 7,3,1 I a2,6,1,3,7 
277,3,1 
2,7,3,1 
5 7 I a7 ,2,1 3 
IN-738 0 I 173 
N imoni c- 
115 
I 
U-720 0 193 
7.5 1 1,3 
14.7 1,3 
SX-R-150 2 ,3Ia2, 3,6 0 
6 
12 
Phases: 1 Cr203/Chrornite s p i n e l  
2 AlZ03/A!uminate s p i n e l  
3 T r  1 - ru t  1 1 e-Ni (Ta,Cb ,W ,Mo) 06 
4 Ti tanates-(Ni7Co,Fe)Ti03;fr2Ti1302g;Ti02 
5 Ni(W,Mo)O4 
6 N i O  
7 Misc ox ides  - Zre.Hf02 
a R e p l i c a t e  samples - s i g n i f i c a n t l y  d i f f e r e n t  r e s u l t s  
TABLE VII. - SUMMARY OF X-RAY DIFFRACTION RESULTS OF SELECT Ni-BASE SUPERALLOYS 
AT 1100 O C  FOR SURFACE O X I D E  PHASES AFTER VARIOUS EXPOSURE TIMES I N  CYCLIC 




2,6,3,7 ,51a2 ,3,7,4 










I 500 hr 200 h r  A l l o y  s e t  
U-700 







( P I M I  







2,6 ,5,3,7Ia2,3 ,7 


















Phases: 1 Cr203lChromite s p i n e l  
2 A1203/Aluminate s p i n e l  
3 Tri-rutile-Ni(Ta,Cb,W,Mo) O6 . 
4 T i tanates- (  N i  ,Co,Fe)Ti03;&-2Ti 13029;Ti 02 
5 Ni(W,Mo)Oq 
6 N i O  
7 Misc ox ides  - ZrO;,,Hf02 
aRep l ica te  samples - s i g n i f i c a n t l y  d i f f e r e n t  r e s u l t s  
bTes t  terminated - 160 h r  
TABLE V I I I .  - SUMMARY OF X-RAY DIFFRACTION RESULTS OF SELECT Ni-BASE SUPERALLOYS 
AT 1150 'C FOR SURFACE O X I D E  PHASES AFTER V A R I O U S  EXPOSURE TIMES I N  CYCLIC 







A1 1 oy 
s e t  
U-700 






















1 hr 1 100 h r  1 200 hr  I 500 h r  























Cr702 /Chromite sDinel  
Al;$/Aluminate s p i n e l  
3 Tri-rutile-Ni(Ta,Cb,W,Mo) 06 . 
4 T i tana tes - (N i  ,Co,Fe)Ti03;6r2111302g;Ti02 
5 Ni(W,Mo)Oq 
6 N i O  
7 Misc ox ides - ZrO2,HfOz; T r i - r u t i l e s  > 3.30 
a R e p l i c a t e  samples - s i g n i f i c a n t l y  d i f f e r e n t  r e s u l t s  
TABLE A- I .  - SUMMARY OF STATISTICAL REGRESSION ANALYSIS RESULTS OF SPECIFIC WEIGHT 
CHANGE CYCLIC OXIDATION DATA FOR SELECTED ALLOYS AT 1000 'c. REJECTION 
LEVEL AT 0.90 LENGTH OF TEST-500. ONE HOUR EXPOSURE CYCLES. 
~~ 
Percent  
c o  





















































































A1 l o y  
U-700-cast 
U-700-(P/M) 






















2 cm in 









































































































































































































































1 2  L 
Percent  

















































TABLE A-11. - SUMMARY OF STATISTICAL REGRESSION ANALYSIS RESULTS OF SPECIFIC WEIGHT 
CHANGE CYCLIC OXIDATION DATA FOR SELECTED ALLOYS AT 1100 'C. REJECTION 
LEVEL AT 0.90 LENGTH OF TEST-200. ONE HOUR EXPOSURE CYCLES. 










































Not s i g .  
8.551 
10.93 















































Not s i g .  
Not s i g .  
























































































































Not s i g .  




























































TABLE A-111. - SUMMARY OF STATISTICAL REGRESSION ANALYSIS RESULTS OF SPECIFIC WEIGHT 
CHANGE CYCLIC OXIDATION DATA FOR SELECTED ALLOYS AT 1100 'C. REJECTION 















































































































































F i n a l  AW/A va lues,  
-Y 
cm' 
































Not s i g .  















Not s i g .  







-142 - 2  
-174.8 
8.070 

























































.a i  
-Force- 
-Force- 











































































Not s i g .  
Not s i g .  
Not s i q .  




















0 MAR-M-247-.1 CO P 
w NIMONIC-115-10 CO P 
A SX-R-150-6 Co P 
I 7moo""m . A  
Figure 1. - Regression curve fits and observed cyclic oxidation specific 
weight change data for selected Ni-base superalloys at loo0 OC 
(P-para1 i near fit 1. 
0 MAR-M-247-9.76 CO P 
w NIMONIC-115-10 CO L 
A U-700(P-M)-17.OCO L -F 
-O r 
TIME, hr 
Figure 2. - Regression curve fits and observed cyclic oxidation specific 
weight change data for  selected Ni-base superalloys at 1100 OC 
(P-paralinear fit; L-linear fit; F-force). 
0 WASPALBY-4.5 CO P 
W U-700CAST-. 1 CO L 
A MAR-M-247-. 1 CO L -F 
I I I 1 I 
0 10 20 30 40 50 60 70 80 90 100 
TIME, hr 
-150 
Figure 3. - Regression curve fits and observed cyclic oxidation specific 
weight change data for selected Ni-base superalloys at 1150 OC 














CATA S TROPHl C 
I 150 
--- EXCE LENT 
Figure 4. - Derived oxidation parameter Ka at 1000 OC for selected 
Ni-base superalloys (cobalt level increases - left to right). 
loo 







IN-738 u-720 1 1  
-WASP---] 











Figure 5. - Derived oxidation parameter Ka at 1100 OC for selected 


















Figure 6. - Derived oxidation parameter Ka at 1150 OC for selected 
Ni-base superalloys (cobalt level increases - left  to right). 





Cr 0 /CHROMITE A.t203 /ALUMINATE 





CrlAl RATIOS U-700 3.5:l IN-738 4.7:l SX-R-150 0.9: 1 
WASPALOY 15:l NIMONIC-115 3.0:l 
MAR-M-247 1.5:1 U-720 7.2: 1 
Figure 7. - Alloy scaling tendencies on  h igh  strength Ni-base superalloys. 
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